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Ordering of ferroelectric polarization' and its trajectory in
response to an electric field? are essential for the operation of
non-volatile memories?, transducers? and electro-optic devices®.
However, for voltage control of capacitance and frequency agility
in telecommunication devices, domain walls have long been
thought to be a hindrance because they lead to high dielectric loss
and hysteresis in the device response to an applied electric field®.
To avoid these effects, tunable dielectrics are often operated under
piezoelectric resonance conditions, relying on operation well
above the ferroelectric Curie temperature’, where tunability is
compromised. Therefore, there is an unavoidable trade-off between
the requirements of high tunability and low loss in tunable dielectric
devices, which leads to severe limitations on their figure of merit.
Here we show that domain structure can in fact be exploited to
obtain ultralow loss and exceptional frequency selectivity without
piezoelectric resonance. We use intrinsically tunable materials with
properties that are defined not only by their chemical composition,
but also by the proximity and accessibility of thermodynamically
predicted strain-induced, ferroelectric domain-wall variants®. The
resulting gigahertz microwave tunability and dielectric loss are
better than those of the best film devices by one to two orders of
magnitude and comparable to those of bulk single crystals. The
measured quality factors exceed the theoretically predicted zero-
field intrinsic limit owing to domain-wall fluctuations, rather
than field-induced piezoelectric oscillations, which are usually
associated with resonance. Resonant frequency tuning across the
entire L, S and C microwave bands (1-8 gigahertz) is achieved in
an individual device—a range about 100 times larger than that of
the best intrinsically tunable material. These results point to a rich
phase space of possible nanometre-scale domain structures that
can be used to surmount current limitations, and demonstrate a
promising strategy for obtaining ultrahigh frequency agility and
low-loss microwave devices.

Current telecommunication devices rely on our ability to tune the
device frequency in the radiofrequency spectrum. The development of
bulk- and thin-film-based acoustic wave filters, resonators and other
devices over the last few decades has allowed cell phone miniatuariza-
tion, antenna tuning and the development of current mobile telecom-
munication technology. Further advancement (for example, 5G and
IoT technologies) requires an even more efficient use of the spectrum,
necessitating the development of thin-film dielectrics with higher
dielectric tunability, n, quality factor, Q, and figures of merit, motivat-
ing intense research and development efforts. In particular, extrinsic
effects, such as defects, strain, interface and polar ordering, have been
intensely investigated and recent advances have enhanced our under-
standing of how functional properties can be tailored, can evolve from
symmetry breaking or can even be induced artificially’~'2 Extrinsic

enhancement of susceptibility from ferroelectric domain walls'® can
be attained by strain engineering through the creation of domain-
wall-rich films, whose extrinsic character allows dielectric properties
not bounded by the intrinsic limits of the defect-free bulk. Nevertheless,
for tunable dielectrics, polar domains have not been considered helpful
and are generally equivalent to other crystal imperfections (for example,
oxygen vacancies) that must be suppressed to achieve greater material
quality and thus lower dielectric loss and higher figure-of-merit
values'®. Therefore, domain engineering has not been investigated for
tunable dielectrics.

In this work, we investigated the dielectric response of strained
Ba,Sr;_,TiO5 (BST) films in the vicinity of the Curie temperature, Tc.
The nearly isotropic free-energy-polarization landscape (and lower
barrier to polarization rotation) of these materials is expected to lead
to a rich phase diagram and a large response to an applied electric field.

Thermodynamic Ginzburg-Landau-Devonshire (GLD) model
calculations support the hypothesis that large in-plane permittivity
values can be obtained via in-plane domains. Application of the phe-
nomenological GLD model permits calculation of in-plane strain (u)-
temperature (T)-polarization (P) phase diagrams and of the dielectric
permittivity (Fig. 1; see Methods and Supplementary Information),
with a number of additional domain variants (‘superdomain’ phases'®)
predicted for BST films (Fig. 1a-g; Methods and Supplementary
Information). We focus on BST with x= 0.8, whose phase diagram
exhibits a vertex, where a number of domain-wall-variant phases are
predicted to intersect near room temperature (Fig. 1a; red circle). On
the basis of the close proximity and high accessibility of the different
variants, we refer to this region of the phase diagram as a manifold-
domain-wall-variant material (MDVM). Zero- and finite-field phase-
field model calculations for three selected strain states (denoted in
Fig. 1a by the yellow dashed lines I, II and III) confirm the expected
ct/c™ structure for a compressively strained film (I) and an in-plane
domain structure for a film under moderate tensile strain (III) (Fig. 1a).
Application of a moderately large field (0.1 MV cm™! along [100])
leaves the domain structure in I (Fig. 1b) and III (Fig. 1f) essentially
unchanged (Fig. 1c, g). For case II, which corresponds to the MDVM
material, the aa;/aa, domain-wall-variant structure at zero field
(Fig. 1d) is predicted, suggesting the coexistence of multiple domain-
wall variants, which is consistent with the material’s location in the
phase diagram. Despite the softer three-dimensional potential-energy
landscape of I compared with those of I and III, the domain structure
is not eliminated at moderate fields (Fig. le), consistent with reports
on epitaxial films in which domain structures cannot be eliminated!
under an applied electric field.

We find that the dielectric permittivity values for the MDVM-
engineered films exceed the composition-specific state of the art
for dielectric thin films: theoretically predicted values for zero-field
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Fig. 1 | Design of a MDVM and its microwave dielectric tunability.
a, Thermodynamic landscape of in-plane polarization favouring
domain-wall variants, showing the calculated average value of in-plane
polarization, |Py|, as a function of temperature, T, and in-plane strain, us,
for Bag 3Sr 2 TiO3. Arabic numerals denote various thermodynamically
predicted domain-wall-variant structures (see Supplementary
Information). Dashed lines denote the strain states I, IT and III, where state
Ilies outside the plotted range, as indicated by the yellow arrows. White
lines denote the boundaries between domain-wall-variant phases. Shown
in the inset is an illustration of an example domain-wall variant, where
yellow and purple colours correspond to regions of the film with different
polarization directions. b-g, Phase-field simulations of domain structure
for equivalent strains and corresponding non-degenerate (I and III) and
degenerate (II) domain-variant phase states in BaTiO; at about 10 K < T¢
under zero field (b, d, f) reveal high out-of-plane (b) and in-plane (d, f)
domain-wall densities that persist even under a moderate in-plane field
of 0.1 MV cm ! applied along [100] (¢, e, g). b, ¢, Maps of plane-normal

relative dielectric permittivity £,/ easily exceed 10,000, reaching 10°
for selected combinations. Higher permittivity promotes enhanced
dielectric and capacitance tunability, 7 (1 = € max/€xmin = Cmax/ Cmins
where ¢, is the real part of the dielectric permittivity and Cpax and Cpyin
are the capacitances at zero field and with an applied electric field E,
respectively), aided by proximity to the phase boundary. The theoret-
ically calculated quasi-static in-plane tunability of MDVM films can
be remarkably large. For example, an x=0.8 film coherently strained
on SmScO5(110) (us = 0.05%, case II) is predicted to have tunability
n(E;) >20at E; =0.3 MV cm ™!, whereas for films deposited on SrTiO;
(I) and BaTiOs (III) n is considerably lower (Fig. 1h).

Experimental results support the GLD theory predictions. Epitaxial
x=0.8 films, 100 nm and 400 nm thick, were deposited on
SmScO;(110) by pulsed-laser deposition and were characterized using
a variety of techniques (Methods, Supplementary Information).
Compared with the bulk, the smaller out-of-plane lattice parameters
in our films favour in-plane domain formation, and plane-normal and
lateral dual-amplitude resonance tracking (DART) piezoresponse force
microscopy confirms the presence of in-plane oriented domains, with
domain walls aligned along [100] or [010], consistent with the
aa,/aay/aa,/aa; domain structure (Supplementary Information).
Voltage-dependent capacitance data in the co-planar geometry (Fig. 1i,
Methods) at selected frequencies across the measurement range
demonstrate high tunability at modest fields (Fig. 1j), in agreement with
our calculations, which persists beyond 20 GHz. This tunability, even

BST film

Electric field (MV cm™)

polarization P, where blue and red colours correspond to +30 pC cm?
and —30 pC cm?, respectively. d—g, Maps of in-plane local polarization
direction, as denoted by the white arrows. 6 is the angle between [100]
and the sum of the two in-plane components, P; + P; (see Supplementary
Information). h, The effect of proximity to this domain-phase-variant
degeneracy point; displayed is the theoretically predicted in-plane quasi-
static-field tunability of the relative dielectric permittivity, €1/, in

Bag gSr,TiO3 (BSTyg) films on SrTiO; (STO), on SmScOj3 (SSO) and on
BaTiO; (BTO), corresponding to strain states I, IT and III, respectively,
calculated using the GLD model. a.u., arbitrary units. i, Illustration of
the experimental two-port co-planar geometry used to measure the
microwave dielectric response of the BST epitaxial film (situated on the
substrate), using ground (G) and source (S) input and output probes
through the Au IDC finger electrodes. j, Measured in-plane field tuning
of in-plane normalized capacitance at selected frequencies for a 400-nm-
thick MDVM film sample (Bag sSrg2TiO3/SmScO;(110)), compared with
those of epitaxial paraelectric BST'” and Sr;TisO,¢’ films.

at equivalent fields, is considerably greater than the current state of the
art in films grown by molecular beam epitaxy, including Ruddlesden-
Popper Sr;TisO1¢° and (Ba,Sr) TiO;!” (Fig. 1j). Remarkably, n(f) remains
greater than 13 (at 0.67 MV cm ') almost throughout the entire fre-
quency range studied, peaking at n ~ 18.5 at 15.2 GHz (Supplementary
Fig. 10). The deposited films also exhibit low losses (high Q values), in
contrast to the high losses that usually accompany high tunabilities.
MDVM films exhibit low Q at zero field, but large Q (Q(f) ~ 1,200,
frequency-averaged in 0.1-20 GHz) at maximum field. At the highest
applied field, Q ranges generally between 10% and 10° over the range
2-10 GHz (Supplementary Fig. 11).

A closer examination reveals extraordinary features in thinner films:
field-frequency combinations for which Q oscillates with frequency
easily exceed the frequency-dependent bulk intrinsic limit for BaTiO;
near T¢ (less than about 10%; Supplementary Fig. 17), reaching, and
even exceeding, 10° (Fig. 2; Supplementary Information). These Q val-
ues are much greater than the best ones reported for intrinsically tun-
able film materials'”'® (including ferroelectrics considered for high-Q
dielectrics'®2%) and greater than those of AIN films?!~24, which are
the leading non-ferroelectric (that is, not intrinsically tunable) piezo-
electrics. They are comparable, in fact, to values measured for bulk
single-crystal quartz®®, sapphire?® and ZnO?. The field dependence
of the resonance frequency, f,(E), shows exceptional variation across
one frequency decade, spanning the L (1-2 GHz), S (2-4 GHz) and C
(4-8 GHz) bands and extending into the X band (8-12 GHz), allin a
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Fig. 2 | Microwave spectroscopy results revealing field-dependent
resonant domain-wall spectral signatures of ultralow loss and tunable
resonant performance. a, b, Experimentally determined Q as a function
of frequency and d.c. in-plane bias field for a 100-nm-thick film with
ten (a) and six (b) IDC electrode pairs. The period 2W is defined by

the electrode finger width and the inter-electrode spacing. The insets
show optical micrographs of the IDC electrode pairs (scale bar, 10 pm).
¢, Frequency and electric field values for which Q(f) peaks are obtained
for the devices in a (blue; 2W=20.6 pm) and b (green; 2W =34.4 pm).
The plot shows that the spectra of the voltage-dependent frequencies

for which the resonant Q(f) peaks occur are essentially the same and
that the resonant frequency can be bias-tuned by about 400%, from
around 2 GHz at about 0.1 MV cm ™! to 10 GHz at about 0.67 MV cm ™!,

single device. The commutation quality factor®, CQF(f) = [n(f) — 1]*
Q(0, HQ(E, HIn(f), a key metric that incorporates n(E) and Q(E), shows
values that are greater than those of the best reported BST films!”
(Supplementary Information).

Bulk dielectric and film resonators rely on electromechanical cou-
pling of microwave power through piezoelectric oscillations, which
appear as resonant and anti-resonant features that can be voltage-tuned
by less than 4.5% in the best tunable materials®. Considering the
change in the piezoelectric coupling coefficient, the calculated bias-
field dependence of the resonance and anti-resonance frequencies of
in-plane piezoelectric oscillations for Bag gSr,Ti03 in our experimen-
tal geometry amounts to not more than about 3% for 0-0.6 MV cm™!
(Supplementary Information)—hundreds of times lower than that
observed in our devices. Furthermore, the design of piezoelectric res-
onators using in-plane piezoelectric oscillations operating at funda-
mental (or higher-mode) frequency relies on interdigitated capacitor
(IDC) electrode periodicity**. Although we cannot rule out potential
contributions from other possible mechanisms (for example, piezoelec-
tric oscillations), devices that differ in electrode finger width yield spec-
tra that are essentially the same (Fig. 2¢), further demonstrating that
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with 10% < Q < 10°. d, e, Representative traces of d.c.-field-dependent Q at
different frequencies for the devices shown in a and b, respectively.

f, Peak Q values were collected at 100 frequencies in four distinct devices:
the devices shown in a (1; blue circles) and b (3; blue squares) and two
additional devices (2, 4) with the same characteristics as devices 1 and

3. The data show an increase of more than one order of magnitude over
approximately one frequency decade, deviating strongly from the usual
f~!scaling law. Shown for comparison are the highest values reported for
piezoelectric resonators made of bulk single-crystal quartz?®, sapphire®®
and AIN film?!-24, none of which is intrinsically tunable (each point
represents an individual device), and values reported for intrinsically
tunable BST films'”!8, including a bulk acoustic-wave solidly mounted
resonator (BAW-SMR) film.

it is highly unlikely that piezoelectric oscillations cause the observed
spectrum.

We now investigate the origin of the unusual experimentally
observed Q spikes using the data obtained from molecular dynamics
simulations of a model BaTiO3 (BTO) system (Methods). The ana-
lytical theory of the intrinsic dielectric response of a ferroelectric
material'# predicts a 1/f dependence for Q(f), as is also found in our
single-domain molecular dynamics simulations (Supplementary
Information), indicating that the unusual f-dependence of Q is due
to extrinsic effects. Examination of static dielectric response shows
that the peak dielectric constant value is observed in the ferroelectric
phase (Supplementary Information). Such a domain-wall-driven shift
of the dielectric response peak to the ferroelectric phase was previously
observed experimentally in BaTiO3 in the ferroelectric phase close to
T3, In addition, reversible domain-wall oscillations are also found
to lead to the peak dielectric constant in the ferroelectric phase for
the model aa,/aa, domain-wall supercell in our molecular dynamics
simulations (Fig. 3a, Supplementary Information). The main reason
for this domain-wall contribution to the dielectric permittivity is the
existence of very low-energy modes localized on the two-dimensional

© 2018 Springer Nature Limited. All rights reserved.
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Fig. 3 | Molecular dynamics simulation of Q. a, Illustration of
the molecular dynamics supercell and domain fluctuations at

=0.6 MV cm ™}, with the P, >0 domain shown in black (domain
type aa,) and the P, <0 domain shown in red (domain type aa;).
b, Experimental Q (left) and Q, obtained by molecular dynamics (MD)
simulations (right) for the aa,/aa, domain structure. Experimental data
are shown for E=0.09 MV cm ™! (black), E=0.25 MV cm~! (green)
and E=0.5 MV cm™! (red). Molecular dynamics simulation data
are shown for E=0 MV cm™! (black), E=0.3 MV cm ™! (green) and

domain walls. The strong impact of domain-wall oscillations on the
dielectric response and the presence of a high density of domain walls
in our sample superdomain state suggest that these oscillations may
also be the cause of Q(f) oscillations.

To understand the relationships between the reversible domain-
wall dynamics and Q(f), we perform long (14 ns) simulations using a
model system containing two aa,/aa, domain walls ina 120 x 10 x 10
supercell (Fig. 3a) at 50 K below the ferroelectric-paraelectric tran-
sition temperature and then obtain Q(f) from the fluctuations of the
total polarization of the supercell. We choose this size because at this
domain length (24 nm) a clear distinction is observed between the
domain wall and the bulk-like regions in the sample, as can be seen in
Fig. 3a. Additionally, GLD theory predicts that the domain size should
be of the order of 30 nm (Supplementary Information).

Comparison of the experimental and molecular-dynamics-obtained
Q(f) shows several similar features (Fig. 3b). First, at zero direct current
(d.c.) bias, the linear or almost linear rise in Q with decreasing fis suc-
ceeded by flattening of Q(f) with gentle oscillations, owing to the onset
of relaxation at about 18 GHz (black arrow). This observation is in
agreement with the expectation that the presence of domain walls leads
to higher loss and lower Q, as can be seen from the much lower Q in the
low-fregion (less than 2 GHz for the experiment and less than 18 GHz
for the molecular dynamics simulation) than that expected from the
intrinsic 1/f dependence of Q. Second, at higher bias, peaks above the
baseline appear at certain frequencies (blue arrows), with the Q(f) curve
shifting to higher frequencies with higher d.c. bias. Finally, a greater
number of narrow peaks are observed in Q(f) at higher bias. The Q,(f)
results of the molecular dynamics simulations for E=0 MV cm ! and
E=0.6 MV cm ™! are qualitatively similar to the experimental Q(f) data
for E=0.09 MV cm™! and E=0.25 MV cm™}, respectively, albeit at
higher frequencies owing to the difference between the experimental
BST and the computational BTO systems (Fig. 3b). The uniform shift
to higher Q values with higher d.c. bias is not observed for molecu-
lar dynamics simulations, and this difference is probably due to the
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E=0.6 MV cm™! (red). ¢, Q(f) for the bulk-like layers 100-113 (black)
and domain-wall layers 73-84 (red), obtained from molecular dynamics
simulations at E=0.6 MV cm~!. d, Hopping rates for individual layers of
the 120 x 10 x 10 supercell for E=0 MV cm~! (black), E=0.3 MV cm™!
(green) and E=0.6 MV cm ! (red). e, Autocorrelation functions for the
total polarization time, obtained from molecular dynamics simulations for
E=0MV cm ' (black), E=0.3 MV cm ™! (green) and E=0.6 MV cm ™!
(red).

difference between the simple model used in the molecular dynamics
simulations and the much more complex E-field profile in the exper-
imental samples.

Analysis of the Q(f) curves of individual layers shows that the bulk-
like layers (that is, layers in the middle of the domain that do not show
switching) exhibit bulk-like 1/f dependence of Q, whereas the domain-
wall layers exhibit Q(f) spikes and a flattening out of the Q(f) at low
£, similar to the experimentally observed data and the Q(f) obtained
computationally for the total system (Fig. 3¢). Comparison between
the autocorrelation functions of the bulk-like and domain-wall layers
(Supplementary Information) shows that the former exhibits the nor-
mal behaviour of rapid decay followed by small fluctuations around 0,
whereas the latter shows a slow decay and large oscillation amplitude
and period. This is due to the much larger fluctuations of the polariza-
tion P of the domain-wall layer between the two sides of the double-well
potential compared to the oscillations of P inside a well. Therefore,
domain-wall fluctuations dominate the dielectric response at low f.

Analysis of the polarization switching (from —P, to 4-P, and vice
versa) rates for individual layers in the supercell shows that hopping
rates increase with increasing d.c. bias (Fig. 3d), which can also be seen
from the oscillations of the autocorrelation functions over the total
polarization time (Fig. 3e). Therefore, the application of the d.c. bias
accelerates the rate of domain-wall oscillations and leads to the shift of
the Q(f) curves to higher f. With no domain-wall oscillations, a bulk-
like 1/f-dependence spectrum is obtained, whereas for slow domain-
wall hopping a relaxation-driven flattening of Q(f) is observed with
gentle oscillations, and sharp peaks are obtained for faster hopping.
This strongly suggests that the experimental Q(f) spectrum with gen-
tle oscillations at zero bias is due to the slow oscillations of the high
domain-wall density, and the experimentally observed sharp peaks in
Q(f) are due to the acceleration of domain-wall hopping by the appli-
cation of the d.c. bias.

To show that the domain-wall fluctuation mechanism alone can
give rise to the observed sharp Q(f) peaks, we perform stochastic
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simulations using a simple model of coupled bistable oscillators with
a domain wall (Supplementary Information). We find that domain-
wall position oscillations and Q(f) profiles qualitatively similar to those
obtained in the molecular dynamics simulations can be obtained by
adjusting the double-well parameters of the oscillators (Supplementary
Information), demonstrating that domain-wall oscillations can give
rise to the observed sharp variation in Q(f). We note that bistable
anharmonic oscillators are known to exhibit a variety of resonance
behaviours, such as enhanced signal-to-noise ratio at certain frequen-
cies, due to the fluctuation of the system between the two sides of the
double well*2, Thus, the behaviour of the MDVM BST film appears to
be another example of this class of phenomena.

The hypothesis that the domain-wall position fluctuations give rise to
the anomalous Q(f) observed at high static bias explains why such char-
acteristics have not been previously observed for Q(f). To obtain Q(f)
oscillations, a large domain-wall density corresponding to domain size
of less than 100 nm is necessary because otherwise the high Q arising
from the domain walls will be averaged out by the normal behaviour
of the bulk of the domain. In addition, this effect is likely to appear
only close to T¢, where the thickness of the domain wall is larger and
the barrier to switching is very low, enabling hopping of the domain-
wall layer between the two P, orientations at gigahertz frequencies.
Atlower T, the energy barrier for switching the P, value of the layer is
too high, so that the time necessary to cross the barrier between the
two P, states is too long; therefore, high Q would be observed only at
frequencies in the megahertz range or below, where such an effect may
not be apparent owing to the high Q of the bulk dielectric response at
such low frequencies. Finally, films of very high quality are necessary
to observe these effects, because variation in the frequencies of the
very-low-dielectric-loss resonance due to defects, grain boundaries and
compositional variations would lead to averaging out of the low loss
and disappearance of the high-Q peaks.

The product Qfis one of the most frequently cited metrics for all
dielectric microwave resonators, where acoustic attenuation parame-
terized by o o f? in the Akhiezer limit** for phonon-phonon scattering
leads to Qf equaling a material-specific constant. We note that in our
experimental films, Qf deviates from the usual monotonic Q(f) depend-
ence for 1 GHz < f; < 10 GHz, showing a strong increase in this range.
This suggests that the effective scattering rate due to thermal phonons
is much lower than f,, providing additional experimental evidence that
our domain-wall-enhanced resonant films overcome intrinsic losses
in this range. Meanwhile, our simulations of BTO indicate that the
expected frequency band of voltage-tuned domain-wall resonances is
material-specific and can be higher than that experimentally observed
for BST. Thus, our results show that extrinsically driven MDVM tuna-
ble dielectric materials exhibit a quality factor that exceeds the intrinsic
limit near T without piezoelectric oscillations, and are promising for
achieving similar values of Q at a wider range of frequencies.
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METHODS

GLD thermodynamic phase and field-dependent susceptibility calculations.
Accounting for the self-deformation of BTO and STO to accommodate the BST
solid solution®, the Gibbs free energy density, f, includes the Landau energy, f;,
the elastic energy, fu,, and the electrostatic energy, feiec. The total Helmholtz energy,
frow is obtained through the Lagrange transformation, and the clamped-thin-film
boundary condition is applied to eliminate the strain and stress fields. By mini-
mizing fio; with respect to the order parameter polarization, P, the phase diagram
is constructed as a function of the temperature, T, and substrate strain, u,, with the
paraelectric, tetragonal, orthorhombic and rhombohedral phases inherited from
parent BTO in both single-domain and domain-wall-variant cases. The detailed
derivation can be found in Supplementary Information.

Phase field calculations of the polydomains. The domain evolution under external
d.c. bias is simulated using a phase-field model. The total free energy density
frot includes the Landau (f;), electrostriction (f.), elastic (fu1a), electrostatic (fuec)
and gradient (fyr.q) contributions. The time-dependent Ginzburg-Landau equa-
tion, dP/dt = — L x Sffmtdv/éP , where L is the kinetic coefficient, is solved
in k space with periodic boundary conditions in the film plane and thin-film
boundary conditions in the plane normal direction. Details can be found in
Supplementary Information.

Pulsed laser deposition. BST targets were prepared by solid-state sintering of
commercially available powders. SmScO3(110) substrates were attached to a heater
by silver paste and placed several centrimetres away from the BST target. Substrates
were heated to 600 °C, and pulsed laser deposition was carried out using an excimer
laser (A =248 nm) with a fluence of around 1.2 ] cm ™~ and a repetition rate of 3 Hz
atan O, pressure of 20 mtorr. After reaching the expected thickness, the deposition
was stopped, an O, flow of 1 atm was supplied into the chamber and the films were
cooled to room temperature at a rate of 5°C min™'.

Structural characterizations. X-ray diffraction and reciprocal space mapping
about the psuedocubic (103) substrate plane were performed using a Panalytical
MRD diffractometer. §/2¢ scans (with minor umweg peaks) confirmed phase
purity and indicated that each film was strained with the substrate.
Piezoresponse force microscopy. Normal and lateral piezoresponse force micros-
copy analysis was carried out at room temperature using the DART™ mode as
implemented on an Asylum Research MFP-3D scanning probe microscope. Each
sample was scanned at 0° and 45° to eliminate the possibility of scan-angle-induced
artefacts in the observed patterns.

Fabrication of test structures. Two-port IDC electrodes were fabricated on the
samples by a lift-off metallization process using bi-layer photoresist. To begin,
the samples were cleaned with ultrasonic agitation in acetone, followed by an iso-
propanol rinse. The resist stack consisted of 2.2 pm of polydimethylglutarimide
(PMGI) polymer topped by 1.8 jum of negative photoresist (AZ nLOF-2020). The
PMGI was baked for 5 min at 180 °C and then cooled to 50 °C at 5°C min ™" before
the imaging resist was spun, then baked at 110°C and similarly cooled. The nega-
tive imaging resist was exposed through a photomask using projection lithography
and developed in tetra-methyl ammonium hydroxide developer. After rinsing in
deionized water, the sample was flood-exposed with deep ultraviolet light to scissor
the cross-linked PMGI underlayer. The ultraviolet-scissored PMGI underlayer was
developed using a tetra-ethyl ammonium hydroxide developer, in which the imag-
ing resist is insoluble, yielding a retrograde profile in the resist sidewall. Finally,
15 nm of Ti was evaporated by electron-beam evaporation as an adhesion layer,
followed by 1 pm of Au. The sample was then soaked in 1165 solvent overnight
to complete the lift-off.

Microwave radiofrequency measurements. Devices were tested using a two-
port microwave setup capable of applying large d.c. bias voltage, illustrated in
Fig. 1i. Data were collected for the frequency and voltage dependence of the
two-port complex reflection coefficients from 0.1 GHz to 40 GHz in 100-MHz
steps and for an applied bias range from —200 V to +200 V (corresponding
to |E| $0.67 MV cm™!). Microwave radiofrequency measurements were per-
formed using a four-port programmable vector network analyser (VNA; Agilent
N5227A, 67 GHz) and a Cascade Microtech Summit 9K probe station equipped

with 150-pm- and 100-pm-pitch coplanar ground-signal-ground probes (Infinity
167-A-150-GSG-HC, Cascade Microtech). The system was cabled with flexible
radiofrequency cables fitted with 1.85-mm V-connectors with a swept right
angle at the probe end (4FOBX0BB0240, W.L. Gore and Associates). External
high-voltage bias tees attached in-line at the probe heads allowed a d.c. bias
voltage, supplied by an external Keithley 2634A source-measurement unit, to
be applied to the IDC electrodes during the radiofrequency measurements of
the frequency and voltage dependence of the two-port complex reflection coef-
ficients. The measurement system was calibrated using a line-reflect-reflect—
match algorithm. The calibration measurements were performed with WinCal
XE software from Cascade Microtech using thru, short and 50-Q-load standards
on an impedance standard substrate (101-109C, Cascade Microtech) and an open
load standard formed by raising the probe station platen lever to lift the probes to
more than 200 jum above the impedance standard substrate. Each frequency sweep
was composed of three averaged sweeps with a system (intermediate frequency)
bandwidth of 200 Hz, corresponding to a noise floor better than —100 dBm.
The VNA power level was set to —15 dBm with a power slope of 0.01 dB GHz ™+
to compensate for increased cable loss at higher frequencies. When collecting
the data, voltage was stepped from zero to 5V, =5V, 10 V, —10 V, and so on, to
+200 V. At each bias point, the voltage was held for 5 s before the VNA measure-
ment was triggered. The total applied voltage was divided across the two device
ports, referenced to port 1 so that for a given bias V, V/2 was applied to port 1
and —V/2 was applied to port 2, with polarities inverted for negative bias points
(see Supplementary Information).

Molecular dynamics calculations. The simulations were performed in the con-
stant-pressure constant-temperature ensemble using a Nose—-Hoover thermostat
and a Rahman-Parinello barostat with a 1 fs time step in a 10 x 10 x 10 BaTiO;
supercell (5,000 atoms) for the single-domain calculations and in a 120 x 10 x 10
BaTiOs; supercell (60,000 atoms) for domain simulations. A detailed description
of the bond-valence potential is provided elsewhere®. Briefly, this potential is
parameterized to reproduce density functional theory energies and forces and
reproduces the four phases (rhombohedral, orthorhombic, tetragonal and cubic)
of BaTiO;. However, owing to the known underestimation of the ferroelectric—
paraelectric Tc by density functional theory, the Curie temperature for the bulk
bond-valence BaTiOj is 160 K, and it is 200 K for the strain conditions of the
120 x 10 x 10 domain-wall sample simulations. Therefore, to study the dielectric
response of the material in the paraelectric phase (and around T¢), we performed
bond-valence molecular-dynamics simulations at 150 K, 160 K, 180 K and 200 K
(10 K below T, at Tc, and at 20 K and 40 K above T, respectively). Once 10 ns of
atomic trajectory data were obtained, we calculated the total dipole moment of the
simulation supercell using the Born effective charges of the individual atoms and
their instantaneous displacements from the high-symmetry positions. The total
dipole moment was then used to calculate the autocorrelation function, which was
then Fourier-transformed to obtain the real (¢,) and imaginary (simag) components
of the dielectric constant and the quality factor.

Calculation of the hopping rates. To evaluate the average hopping rate of the
average polarization of a layer in the xy plane in our supercell, we count the number
of times, N, that the average polarization of the layer switched from a positive value
at time ¢ to a negative value at time ¢ + 8¢, where 6t=0.5 ps is the interval between
the printing of the atomic coordinates during the simulation. Because the total
simulation time is 10 ns, the average rate of P switching for the layer is N/10 ns~!
or N/10 GHz. This corresponds to the hopping rate of the layer between the two
sides of the potential energy well.

Data availability. Data are available from the corresponding author upon rea-
sonable request.
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